The hallmark of the Archaea is their remarkable specialization; isolates have been recovered almost exclusively from extreme environments and specialized niches. Nevertheless, results from recent studies using molecular approaches to examine the phylogenetic breadth, ecological range, and abundance of members of the Archaea have challenged the assumption that these microorganisms are absent from, or only minor components of, nonextreme marine and terrestrial habitats (including mesophilic soils and rhizospheres). The accumulation of extensive sequence-based evidence by cultivation-independent approaches has made the broad ecological distribution and considerable abundance of archaea in these nonextreme habitats indisputable (9) (10) (11) 49) . One intriguing group identified in this manner consists of low-temperature and mesophilic members of the division Crenarchaeota (termed "nonthermophilic") (5) whose small subunit (SSU) rRNA gene sequences diverge deeply from those of cultured crenarchaeotes (3, 8, 15, 22, 51) . Phenotypic properties of nonthermophilic crenarchaeotes are also presumed to be different from those of previously cultured members of this division isolated exclusively from thermophilic environments.
Their ubiquity, in combination with a high abundance in a variety of habitats (12, 27, 31, 38, 44, 45) , suggests that they have major roles in one or more biosphere processes. However, to date, the physiological properties and functions in nature of these unforeseen archaea are largely the subject of speculation, in part because they have been recalcitrant toward isolation and growth in culture.
In an attempt to learn more about the ecophysiology of these organisms, we exploited our recent complementary discoveries that (i) mesophilic soil crenarchaeotes are found closely associated with plant roots (44) and (ii) the plant rhizosphere influences the diversity of the crenarchaeal assemblage in soil (47) . A number of reports from other research groups are consistent with our findings and describe, for example, the recovery of SSU rRNA gene sequences of mesophilic crenarchaeotes from the rice rhizosphere (19) , washed roots of maize (6) , and mycorrhizospheres of pine seedlings (4). Here we extend our previous work by demonstrating that two phylogenetic types (phylotypes) of mesophilic crenarchaeotes from the monophyletic clade C1b (11) are predominantly associated with the tomato (Esculentum lycopersicon) rhizoplane of plants grown in soil collected from the West Madison Agricultural Research Station (referred to hereafter as WMAD soil) (3) and that the C1b.A1 phylotype (44, 46) is selectively enriched in culture amended with root extract as a putative nutrient source. Our results provide further evidence for a biologically relevant association of distinct members of the mesophilic soil Crenarchaeota with plant roots.
MATERIALS AND METHODS
Sample preparation and manipulation. Soil collection and growth of tomatoes was carried out as previously described (44) . Soil from the West Madison Agricultural Research station (Plano silt loam containing 61% sand, 23% silt, and 16% clay, with 1.7% organic matter, pH 7.0) (3) was collected between 2 and 8 cm below the surface using sterile implements. Inoculum was prepared by sonication for 30 s in a Branson 2200 Ultrasonic cleaner to displace attached microorganisms from gently and thoroughly rinsed roots of tomato cultivar M82a that were harvested after germination and growth of the plants in WMAD soil.
Preparation of tomato root extract. Tomatoes were grown in a mixture of vermiculite and potting soil (1:3) and watered every 3 days with full-strength Hoagland's nutrient solution (2) . Roots were harvested after 60 days by removing all of the soil mixture and rinsing thoroughly. Roots were weighed, frozen in liquid nitrogen, ground into a fine powder, and stored at Ϫ80°C. To prepare extract, powdered root material was measured into Milli-Q H 2 O and vortexed for 5 min. Coarse filtration was used to remove larger particles, followed by sterilization through a 0.22-m filter.
Enrichment culture treatment and incubation. In our enrichments for archaea, we used a combination of chemical and physical treatments and inhibitors to restrict the growth of bacteria. The inoculum was treated with lysozyme according to the method of Repaske (40) . Freeze-thaw cycles were performed by three consecutive rounds of quick-freezing in a dry ice-ethanol bath for 5 min, followed by a 5-min thaw at 37°C. The inoculum (10% by vol) was incubated for growth in batch culture in a basal salts medium [5 DNA isolation and quantification. Inoculum and culture samples were extracted using the FastDNA spin kit for soil (BIO101, MP Biomedicals, Irvine, CA) and further purified using Sepharose microspin columns as described previously (46) . Plasmid DNA was isolated from cell culture using a standard alkaline lysis technique, with additional purification performed by phenol-chloroform extraction and concentration by precipitation with 0.1 volume of 3 M NaCl, pH 5.2, and 3 volumes of ethanol. Linearized plasmid DNA was quantified using the PicoGreen double-stranded DNA quantitation kit (Molecular Probes of Invitrogen, Eugene, OR) according to the manufacturer's protocol.
PCR, rRNA gene cloning, and sequencing. Total enrichment DNA was isolated as previously described (44) or by a modified agarose plug method (41) . PCR was performed in separate reactions with the SSU rRNA gene-specific primer sets, including the archaea-biased primers 133f, (44) and 915r (48) and the nonspecific cross-domain primer 1492r (29) . PCR products were cloned by ligation using the pGEM-T vector system (Promega Corp., Madison, WI). Restriction enzymes used to generate amplified ribosomal DNA restriction analysis patterns were AluI, RsaI, and Sau3A1. Partial sequences were generated by bidirectional sequencing of cloned products using the vector primers SP6 and T7. Sequences were analyzed on an ABI Prism 377 DNA sequencer (University of Wisconsin Biotechnology Center) and tested for possible chimeric artifacts using the CHECK_CHIMERA (30) and Bellerophon (24) programs. Sequences were analyzed using BLAST (1) searches to determine the closest sequences available from the database. These sequence data have been submitted to the DDBJ/EMBL/ GenBank databases (see "Nucleotide sequence accession number" below).
Phylogenetic analyses of sequence data. SSU rRNA gene sequences were aligned in the ARB database (30a). Regions of ambiguous positional homology were removed from the data set, with additional manual corrections, where necessary, using the Seqlab editor within the GCG Wisconsin Package (Accelyrys). Phylogenetic analyses were performed using PAUP*, version 4.0b10 (Altivec; D. L. Swofford, Sinauer Associates, Sunderland, Mass.), and ARB. A data set of 39 sequences containing 1,080 homologous nucleotide positions was used to generate trees using the maximum-likelihood (ML), maximum-parsimony (MP), and evolutionary distance (ED) methods. To assess branch support, bootstrap resampling was performed in PAUP* with a total of 2,000 resamplings in all cases. MP trees were constructed using the default settings in PAUP*. ED analyses were conducted using the Kimura two-parameter and general timereversible substitution model corrections with and without rate correction. Rate heterogeneities were corrected using a gamma distribution model (the shape parameter, ␣, was estimated to be 0.66 using a parsimony-based approximation in PAUP*). ML trees were constructed in ARB using the fastDNAml program (13, 35) . Additional sequences with fewer than 1,080 homologous nucleotide positions were added to base trees using the parsimony addition function in ARB. All analyses were performed using multiple different out-group species.
Fluorescence in situ hybridization (FISH), cell counts, and microscopy. Cell fixation, probe synthesis, hybridizations, microscopy, and image analysis were done as previously described (44) , except that an Optronics "Magnafire" cooled charge-coupled device camera with motorized color wheel and RGB dichroic filters (resolution, 1,280 by 1,024 with 10 bits/pixel) was used in combination with Image-Pro Express, version 4.0, software. The following probes were hybridized simultaneously: Cren113a, Cren745a, Cren1209 (44), Bact338 (48) , and Bact927 (17) . DAPI (4Ј,6-diamidino-2-phenylindole) was used to stain for DNA. Cells were visualized using a BX-60 microscope (Olympus America) equipped for epifluorescence with an HBO 100-W mercury arc lamp and an Olympus UPlanF1 100ϫ objective/1.3 NA, with a field area of 0.035 Ϯ 0.002 mm 2 . PCR-SSCP. PCR-single-strand conformation polymorphism (PCR-SSCP) was conducted as described previously (46) using the crenarchaeote biased primer set 133FN6F/248R5P. Briefly, PCR mixtures were desalted with Sephadex G50 microspin columns packed in a UniFilter GF/B 800 microplate (Whatman, Inc., Ann Arbor, MI). Following purification, each PCR product was mixed (1:1, vol/vol) with SSCP loading buffer (60% deionized formamide, 25% ROX GeneFlo 625 standard [ChimerX, Milwaukee, WI], 7.5% 100 mM NaOH, 7.5% blue dextran EDTA [50 mg/ml blue dextran, 50 mM EDTA]). Samples were denatured at 94°C for 2 min and then immediately transferred onto ice. A 0.5-l aliquot of each sample was spotted onto a membrane comb. Polyacrylamide SSCP gels and 1ϫ MDE (BMA, Rockland, ME) were cast according to the manufacturer's instructions. The gel was loaded onto an ABI PRISM 377XL DNA Sequencer connected to an external cooling water bath to maintain the gel temperature at 23°C. The GS RUN 60W CHILLER module was selected to maintain constant wattage. PCR-SSCP data were analyzed using GeneScan software, version 3.1 (Applied Biosystems, Foster City, CA). Peak height cutoffs ranged from 5 to 50 relative fluorescence units depending on signal intensity. Samples were aligned to the internal size standard present in each lane.
Primer design and real-time PCR. Real-time PCR was performed using the iCycler iQ thermal cycler with a 96-by 0.2-ml reaction module and iQ software (Bio-Rad Laboratories, Inc., Hercules, CA). In each experiment, three independent master mixes were prepared from each inoculum and culture sample and two independent master mixes for standard DNA were prepared and tested in duplicate within a single microtiter plate. Negative-control reactions (without added template) were also included in each experiment. Reactions were performed in a volume of 20 l, using iQ SYBR green supermix (Bio-Rad Laboratories, Inc., Hercules, CA) and 0.2 M concentrations of each primer and were optimized for magnesium concentration (2.5 mM MgCl 2 , final concentration, achieved by adding 0.5 mM EDTA) and annealing temperature. Reactions were performed in the iCycler (Bio-Rad Laboratories, Inc.) using the two-step amplification plus melting curve protocol as follows. Enzyme activation and well-factor determination were at 95°C for 3 min, followed by 40 cycles of 95°C for 10 s (denaturation) and 61.3°C for 45 s (annealing and elongation). The melt curve protocol began immediately after amplification and consisted of 1 min at 95°C, followed by 1 min at 55°C, and 80 10-s steps with a 0.5°C increase in temperature at each step. Threshold values for threshold cycle determination were generated automatically by the iCycler iQ software. Lack of variation in PCR products and the absence of primer dimers were ascertained from the melt curve profile of the PCR products. Slopes, regression coefficients, and PCR amplification efficiency curves were calculated using iCycler iQ software; efficiency (E) was calculated according to the equation E ϭ 10 (Ϫ1/slope) (39) . Mean values and standard errors of mean values were calculated using Microsoft Excel, version 11.0.0.
Primer sets were designed using the Beacon Designer software program (PREMIER Biosoft International, Palo Alto, CA), the ARB database, and sequences recovered in our studies from cultures, roots, and soil. The predicted specificity of primers was examined by performing BLAST searches (1) against the GenBank database. The primer sequences designed for this study are as follows: 599F, 5Ј-GTA-GCC-GGT-TCT-ACA-AGT-C-3Ј; 669F, 5Ј-CGA-CGG-TGA-GGG-ATG-AAA-G-3Ј; 703R, 5Ј-ACT-GGT-GGT-CTT-CAA-TGG-ATC-3Ј; 886R, 5Ј-CCA-GGC-GGC-AAA-CTT-AAC-3Ј. The predicted bias of the 599F/703R primer set is toward C1b sequences (as is also the 133F/248R primer set), while the 669F/886R primer set is predicted to hybridize broadly to sequences across most crenarchaeal sequence groups recovered from nonthermophilic environments (i.e., C1, C2, and C3). Melting curve analysis (transition rate, 0.5°C s Ϫ1 ), together with separation of PCR DNA fragments performed by electrophoresis on 3% agarose gels, yielded a single product of the predicted size from both the enrichment culture and the plasmid standard DNA for each primer set used.
Nucleotide sequence accession numbers. Sequence data have been submitted to the DDBJ/EMBL/GenBank databases under accession numbers AY487100 to AY487118. and PCR-SSCP (20, 36) , an electropherogram consisting of 9 different peaks was generated representing the crenarchaeal assemblage in WMAD bulk soil (free of any visible root material) and on the rhizoplane of tomato plants grown in WMAD soil (Fig. 1) . The PCR-SSCP profiles from the WMAD soil samples were dominated by a single phylotype of the Crenarchaeota, represented by peak 1 (Fig. 1A) , with a relative abundance based on peak area of Ͼ75% of the total peak area ( Table 1 ). The rhizoplane PCR-SSCP profile (Fig.  1B ) differed from the WMAD soil profile in that the phylotype represented by peak 8 was present in approximately equal, or greater, relative abundance to the phylotype represented by peak 1 (Table 1) . Results from a different experiment examining the crenarchaeal assemblage on the tomato rhizoplane from plants grown in WMAD soil were similar; the relative abundance of peak 1 ranged from 28% to 39% of the total peak area (mean, 36%), while that of peak 8 ranged from 51%
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to 66% of total peak area (mean, 57%) (n ϭ 6). Peaks representing other crenarchaeal phylotypes were detected at Ͻ5% relative abundance. After 30 days of incubation under air at 24°C with root extract, the crenarchaeal assemblage detected in cultures that were inoculated with sonicate from the rhizoplane (details in Materials and Methods) consisted almost exclusively of the phylotype represented by peak 8 ( Fig. 2B and Table 1 ). The relative abundance of the peak 8 phylotype was similar in cultures that had been incubated for an additional month (60 days total). The treatment group (either no treatment or treated with lysozyme and incubated with antibiotics), explained in greater detail below, did not show consistent effects, although there was a trend in the rhizoplane samples toward slightly higher relative abundance of the peak 8 phylotype in the lysozyme-treated cultures. Similar results were obtained from enrichment cultures in two other experiments: (i) 30-day cultures (n ϭ 4), peak 1 ranged from 15% to 24% of total peak area (mean, 18%) and peak 8 ranged from 76% to 82% of total peak area (mean, 79%); (ii) 60-day cultures (n ϭ 8), peak 1 ranged from undetectable to 5.4% of total peak area (mean, 2.4%) and peak 8 ranged from 87% to 100% of total peak area (mean, 94%).
Upon incubation of WMAD soil inoculum in culture with root extract, the phylotype represented by peak 8 increased in relative abundance, while that represented by peak 1 decreased in relative abundance ( Fig. 2A) . This result was similar to that observed for cultures starting with root inoculum, in that a shift occurred in the crenarchaeal assemblage toward a higher percentage of the phylotype represented by peak 8. After 60 days of incubation in root extract culture, the relative abundance of the peak 8 phylotype was greater than that of the peak 1 phylotype in 3 of 4 samples ( Table 1) .
Phylogenetic analysis of root extract enrichment culture clones. Crenarchaeota-biased primers were used in PCR to amplify and clone rRNA genes from root extract cultures in two experiments. Three unique restriction patterns were observed from amplified ribosomal DNA restriction analysis of (Fig. 3) ; the near full-length TRC (tomato root Crenarchaeota) and TREC sequences share Ն98.9% sequence identity over approximately 1,200 nt positions. Consistent with their growth and function in mesophilic soil habitats, the range of GϩC nucleotide content for SSU rRNA gene sequences from the crenarchaeotes in our enrichment cultures ranged from 54.5% to 55.7%. By comparison, the GϩC nucleotide content for SSU rRNA gene sequences from other cultured crenarchaeotes, all thermophiles or hyperthermophiles, is in the range of 58% to 60% (16) . PCR-SSCP analysis of crenarchaeal clones. Two of the TREC clones recovered from enrichments, TREC89-17 and TREC89-34, were selected for PCR-SSCP analysis. The PCR-SSCP profiles of those clones contained a peak that comigrated with peak 8 from total tomato rhizoplane DNA (representative profile shown by TREC89-34 in Fig. 4 ). TRC23-30 and TRC23-38, two clones that were recovered directly from the rhizoplane (44) and that clustered with the TREC clones within clade C1b.A1, were also analyzed by PCR-SSCP, and each revealed a similar peak (representative profile shown by TRC23-38 in Fig. 4) . Two additional TRC clones, TRC23-10 and TRC132-3, and a clone from WMAD soil, MWS38 (46) , chosen in part because they did not place within clade C1b.A1 (clones TRC132-3 and MWS38 clustered together in clade C1b.B1, while clone TRC23-10 placed in clade Clb.B2) (46), were analyzed and found to generate peaks migrating at different positions from peak 8 on PCR-SSCP electropherograms. The peaks generated by clones TRC132-3 and MWS38 comigrated instead with peak 1 from WMAD soil and root samples (representative profile shown by TRC132-3 in Fig. 4) . Although the phylogenetic relationships of the clones described here were predictive of their PCR-SSCP profiles, this is not always the case (46) .
Crenarchaeal cell quantification in inoculum samples subjected to different treatments. We quantified the number of crenarchaeotes relative to total microorganisms present in root extract enrichment cultures. The inoculum was prepared in a manner similar to that for the PCR-SSCP experiments, by sonication from gently rinsed tomato roots that were harvested from plants grown in WMAD soil in the growth chamber. Cell numbers were estimated with FISH probes designed to selectively detect mesophilic Crenarchaeota or organisms within the domain Bacteria. Crenarchaeal cell numbers in untreated inoculum samples from three experiments ranged from 1.2% to 2.1% of total probe-positive cells (mean, 1.8%) ( Table 2) . These values are similar to those from our previous study in which we quantified crenarchaeal cells attached directly to rinsed, nonsenescent tomato roots (44) .
In addition to the use of root extract as a growth substrate, treatments were chosen to select against bacteria that were present in the starting inoculum. The inoculum was treated with lysozyme or lysozyme combined with freeze-thaw cycles before incubation for growth. Lysozyme hydrolyzes glycosidic linkages of peptidoglycan (which is present in cell walls of bacteria but not in those of archaea) and freeze-thaw treatment should enhance lysis of weakened cell walls. Both lysozyme (mean, 4.6%) and lysozyme combined with freezethaw (mean, 3.4%) treatments had a significant effect (an approximate twofold increase, P Ͻ 0.05) on the proportion of crenarchaeotes compared to total cells in inoculum samples prior to growth. This suggests that the treatments lysed a portion of bacterial cells in the inoculum.
Persistence of crenarchaeotes in root extract enrichment cultures. As an additional selection, cultures were incubated with antibiotics that target bacteria but not archaea. We monitored the presence of crenarchaeotes in root extract cultures by PCR of SSU rRNA gene sequences with Crenarchaeotabiased primer sets. Results indicated that, while crenarchaeotes were initially present in all inoculated samples, over time, Crenarchaeota-specific PCR products were detected only in cultures subjected to treatments with particular combinations of antibiotics (Table 3) . While various antibiotics and eukary- otic cell growth inhibitors were evaluated initially, in the experiments described below, a combination of carbenicillin and streptomycin was used. Crenarchaeal cell quantification in root extract enrichment culture. Cell counts were performed on crenarchaeotes by FISH and microscopy after incubation in root extract enrichment culture. The results suggested that enrichment of crenarchaeotes occurred in incubations with root extract and antibiotics (Table 4) . Consistent with results from the persistence studies described above, no increase in the ratio of crenarchaeal cells to the total was observed in the absence of antibiotics. Enrichment was significantly enhanced by treatment with lysozyme (P Ͻ 0.05). Treatments combining antibiotics with lysozyme and freeze-thaw cycles did not result in significantly different enrichments from treatments with antibiotics alone. Taken together, these conditions led to enrichments with an average 10-fold increase in the relative abundance of crenarchaeotes in the inoculum, with some individual cultures enriched as much as 40% for crenarchaeotes. Microscopic analysis of enrichment cultures using FISH and probes specific for mesophilic crenarchaeotes revealed the formation of microcolonies with large numbers of cells (Fig. 5) , which were never observed in inoculum samples. Enrichment of crenarchaeotes was not observed in parallel experiments in which cultures were amended with a variety of organic compounds other than root extract (e.g., complex substrates, such as yeast extract, tryptone, or filtered culture medium from root extract enrichments, and defined substrates, such as bicarbonate, monosaccharides, organic acids, and amino acids) (data not shown). Crenarchaeotes were also never prevalent in dilution cultures when dilutions greater than 10 Ϫ4 were performed (data not shown).
Quantification of crenarchaeal growth by real-time PCR. We used real-time PCR with primers biased toward the SSU rRNA gene sequences of mesophilic soil crenarchaeotes in SYBR green I assays to quantify growth of these organisms in root extract cultures. Results from these experiments were similar using two different primer sets (Table 5) . After 60 days, there was a four-to fivefold increase in the SSU rRNA gene copy number in cultures that were incubated with root extract but without antibiotics. In cultures that were treated with lysozyme and incubated with both root extract and antibiotics; however, there was a 10-fold increase in SSU rRNA gene copy number after 30 days and a 60-to 70-fold increase after 60 days. Since the crenarchaeal assemblage in inoculum samples consisted almost entirely of the phylotypes represented by PCR-SSCP peaks 1 and 8 in approximately equal abundance, there is an additional twofold increase in abundance for the phylotype represented by peak 8, as it was detected almost exclusively in our cultures following incubation.
Two experiments were performed, with both primer sets, to test for the possibility that a PCR inhibition factor (present in T 0 [inoculum] samples and subsequently degraded upon incubation in culture) resulted in an apparent increase in the number of 16S rRNA gene copies. In the first, 1 l of 60-day culture DNA from LA-23 was mixed with 1 l (each) T 0 DNA from NT-1, NT-2, LA-3, and LA-4 in separate reactions. In the second, 20 fg plasmid standard DNA was mixed with 1 l (each) T 0 DNA from NT-1, NT-2, LA-3, and LA-4 in separate reactions. There was no evidence for inhibition in either test (data not shown).
Experiments were also performed using primer set 133F/ 248R (46) , which was used to generate the PCR-SSCP profiles, and the 771F/957R primer set designed and used in real-time PCR in a study conducted by Ochsenreiter et al. (34) . Compared to the 599F/703R and 669F/886R primer sets, however, the 113F/248R and the 771F/957R primer sets performed poorly in our experiments, with regard to PCR amplification efficiency (14, 37) . Even so, the same general trend in relative increase of SSU rRNA gene copy number was obtained with 133F/248R as that reported in Table 5 (data not shown). Studies with the 771F/957R primer set were not pursued further. Based on a calibration curve (32, 37) generated in real-time PCR with purified plasmid DNA from clone TRC23-30 (44) and the 599F/703R primer set, we estimated the copy number of crenarchaeote SSU rRNA genes in 60-day cultures to be 4.1 ϫ 10 6 gene copies per ml of culture. The slope of the plasmid standard curve was Ϫ3.51, the correlation coefficient was Ͼ0.99, and the PCR amplification efficiency for the standard DNA was 1.926. The slope of the curve based on a fivefold dilution series of culture DNA (from no dilution to 1.6 ϫ 10 Ϫ3 ) was Ϫ3.50, the correlation coefficient was Ͼ0.95, and the PCR amplification efficiency for the culture DNA was 1.932. The reproducibility of the data at higher dilutions was poor, corresponding to a limit of detection of approximately 25 copies of the target gene in these experiments. This number is similar to detection limits obtained by others (21, 28) . The estimated doubling time for crenarchaeotes in root extract cultures was approximately 8 days, with about 8 generations in 60 days.
DISCUSSION
Plants are known to deposit up to 20% of their total photosynthate into the rhizosphere, allowing microorganisms there to achieve much greater abundance and activity than they can in habitats of lower nutrient availability, such as bulk soil (reviewed in references 53 and 54). Microscopic and molecular phylogenetic studies of archaea in soil (3, 46) , in the rhizosphere (47) , and on the rhizoplane (44) led us to the first description of the colonization of plant surfaces by mesophilic crenarchaeotes and the influence of plant roots on the diversity of the crenarchaeal assemblage in soil. It was our prediction that the root environment selects for microorganisms that are actively metabolizing root exudates and/or other root materials and that crenarchaeotes associated with the root surface would therefore be more amenable to growth in culture than those residing in bulk soil. Consistent with this hypothesis, we demonstrated growth of one of the two dominant crenarchaeal phylotypes found associated with the tomato rhizoplane, represented by PCR-SSCP peak 8, in enrichment culture amended with root extract. These results provide additional support for a biological role for soil crenarchaeotes in rhizosphere microbial ecosystems. e Analysis of variance was performed using the general linear model, and mean values were compared using Duncan's multiple-range test (42) . Degrees of freedom: model, 13; error, 250; total, 263; pooled standard error, 9.82. The average time of incubation for cultures in each treatment was 22 to 24 weeks.
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Colonization of tomato roots by mesophilic soil crenarchaeotes was previously described (44) and was based on (i) the recruitment of these microorganisms to roots from soil, (ii) consistent recovery of crenarchaeal sequences and cells from roots, (iii) a tight association with roots, i.e., cells remained attached even after thorough rinsing, and (iv) broad distribution of cells and microcolonies on roots. Although the tomato rhizoplane is not exclusively colonized by the peak 8 phylotype, the work presented here suggests that this particular phylotype comprises a dominant, if not the dominant, crenarchaeal population on tomato roots grown in WMAD soil. Detection of this phylotype in WMAD soil itself, however, appears to be more variable. For example, although it was detected at very low levels in the WMAD soil sampled in experiments presented here, the peak 8 phylotype has been noted in greater relative abundance in PCR-SSCP profiles of WMAD soil generated in other research (46) . From our sampling thus far, the phylotype represented by peak 1 appears to be the dominant member of the crenarchaeal assemblage in WMAD soil (in addition to results presented in this paper, another study by Sliwinski and Goodman [46] demonstrated that the relative abundance of the peak 1 phylotype was higher than that of other phylotypes, ranging between 43% and 53% of the total). The fact that the peak 8 phylotype consistently colonizes the rhizoplane in high relative abundance compared to other phylotypes, yet is detected variably in WMAD soil, suggests that its growth requirements are met more consistently on the rhizoplane than in bulk (WMAD) soil habitats. More investigation is required to define the parameters that influence the distribution and abundance of this and other crenarchaeal phylotypes in soil.
We have demonstrated the association of mesophilic crenarchaeotes with plant roots using several approaches. Previous studies described the direct extraction of crenarchaeal DNA from the rhizoplane (44) and rhizosphere soil (47) and visualization of crenarchaeote cells directly on the root surface using phylogenetic probes. We have now provided additional evidence for association by a specific phylotype of soil crenarchaeotes with plant roots. The peak 8 phylotype is one of two dominant phylotypes recovered directly from roots and the only phylotype recovered from cultures after 60 days of incubation with root extract. In two different studies, the majority of clones recovered directly from the rhizoplane and all of the clones recovered from root extract enrichment cultures placed within clade C1b.A1; sequences from the recovered clones comigrated on PCR-SSCP gels with peak 8 from total DNA extracted directly from the rhizoplane. Furthermore, four lines of evidence, taken together, provide strong support for growth of the peak 8 phylotype when it is incubated in root extract enrichment culture: (i) persistence for Ͼ1 year in culture, (ii) the increase in proportion of crenarchaeotes to total cells, (iii) the increase in SSU rRNA gene copy number of crenarchaeotes per unit volume of culture, and (iv) the formation of microcolonies containing large numbers of crenarchaeal cells. In addition, the fact that three different primer sets, each designed to be specific for the SSU rRNA genes of mesophilic soil crenarchaeotes and one also used in PCR-SSCP analyses, yielded similar results in real-time PCR assays strengthens the conclusion that growth of these microorganisms occurred in root extract enrichment cultures. Although we achieved enrichment in cultures amended with root extract, we were not as successful using a variety of common organic compounds, including many known to be present in plant exudates. These results may suggest that the actual substrates supporting growth are unusual exudate compounds produced either by the plant roots or by associated bacteria. Identification of the actual substrates for growth will be critical for growing the crenarchaeotes in axenic culture.
Crenarchaeal enrichment was dependent upon the presence of antibiotics in the medium, although there was also a small (four-to fivefold) increase in crenarchaeal 16S rRNA gene copies in cultures incubated without antibiotics. The antibiotics used in this study were chosen because they are known to inhibit bacteria but not archaea. It was surprising, therefore, that the addition of rifampin to the cultures resulted in the loss of the crenarchaeal PCR signal sooner than it occurred in the absence of antibiotics. While it is currently unknown whether the inhibition was due to a direct or an indirect effect, RNA polymerases from other archaea are not targets for the antibiotic. On the other hand, sensitivity to rifampin has been observed in a number of different archaea, including some crenarchaeotes, at concentrations similar to that used in this study (23, 52) . A detergent-like machanism of cell lysis has been suggested for the inhibitory effect of rifampin on Halobacterium halobium (55) . Possible indirect effects of rifampin on enrichment of crenarchaeotes include the inhibition of an obligate bacterial partner; involvement by the crenarchaeotes in a symbiotic partnership(s) with other microbial species has not yet been explored. Consistent with this idea is the failure of serial dilutions to lead to enrichment. Another possible explanation for the effect of rifampin could be that certain bacteria present in the enrichments were able to metabolize the small amount of methanol used as a solvent that was introduced into the culture along with the antibiotic and, by doing so, were able to overgrow the crenarchaeotes. Bacteria that were present and growing in the enrichments may have developed resistance to rifampin (and to other antibiotics used), or, alternatively, diffusion of the antibiotics may have been impeded by extracellular polysaccharide that was produced in the cultures. Our research represents a significant advance in the study of the mesophilic Crenarchaeota, first, because it reveals a biological relationship between members of the C1b.A1 clade and plants and, second, because neither isolation nor growth of these organisms in culture has been reported in the decade or so since nonthermophilic crenarchaeotes were initially discovered in mesophilic soils (3, 51) or their planktonic counterparts were discovered in marine waters (8, 15) . Our result of a modest increase (10 2 ) in SSU rRNA gene copy number over an 8-week incubation period is in line with results from a number of other studies that have attempted enrichments and isolations of archaea and bacteria identified first by molecular phylogenetic methods (that had not been previously detected from culture-dependent work). Examples include isolates from the bacterial divisions Acidobacteria, Verrucomicrobia, Gemmatimonadetes, Actinobacteria, and Proteobacteria that were obtained only after extended incubations (25, 26, 50) and enrichments of anaerobic methane-oxidizing archaea from marine sediments, with apparent 2-to 100-fold (or greater) increases in SSU rRNA gene copies after 24 weeks of incubation (although the latter data are somewhat inconclusive because no minimum detection level was established for the target gene in sediment cores prior to incubation (18) .
Based on evidence from thermophilic and hyperthermophilic crenarchaeotes that have been isolated in pure culture and contain a single rRNA operon in each of their genomes, it is not unreasonable to make the assumption that individual genomes of mesophilic crenarchaeotes also contain only one rRNA operon. Using this assumption and comparing results from real-time PCR of enrichment culture DNA with plasmid standard DNA, we estimate that our enrichment cultures contained 4.1 ϫ 10 6 crenarchaeal cells per ml after 60 days of incubation and, by extrapolation, ϳ10 4 crenarchaeal cells per ml in the rhizoplane sonicates used for the inoculum. Another group investigated crenarchaeal populations in the rhizosphere of the grass Festuca ovina s.l. using real-time PCR (34) and found a relatively low abundance of crenarchaeal to bacterial 16S rRNA gene copies in the rhizosphere versus bulk soil. Based on the numerous differences that exist between the two studies (e.g., soil type, plant species, growth chamber versus field study, and units of measurement), direct comparisons between them are not valid. It is worth noting, however, that studies by Sliwinski and Goodman, and others, examining crenarchaeal assemblages in a variety of soils (46) and in the rhizosphere of diverse plant species (33, 47) suggests that the abundances of crenarchaeal populations differ in different soil and rhizosphere habitats.
In earlier work (44), we found a 10-fold increase in the abundance of crenarchaeotes on senescent roots over nonsenescent roots of tomato. One intriguing possibility raised by that result and by our studies here is the idea that plants that are stressed, for example, as they might be when grown in unfertilized soil within a growth chamber, harbor larger populations of crenarchaeotes on their roots than their unstressed counterparts. This possibility and other factors potentially affecting the abundance, distribution, and diversity of crenarchaeotes in soil and rhizosphere habitats are the subjects of ongoing investigations in our laboratories.
